Chemoreceptors for oxygen reside within the carotid body, but it is not known which cells actually sense hypoxia and by what mechanisms they transduce this information into afferent signals in the carotid sinus nerve. We have developed systems for the growth of glomus cells of the carotid body in dissociated cell culture. Here we demonstrate that, as in vivo, these cells contain the putative neurotransmitters dopamine, serotonin, and norepinephrine. Oxygen tension regulates the rate of dopamine secretion from the glomus cells. Similar to chemically stimulated catecholamine secretion from other adrenergic cells this hypoxia-stimulated release requires extracellular calcium. These results are compatible with the suggestion that the glomus cells of the carotid body are chemoreceptor cells and that they signal hypoxia by regulated secretion of dopamine.
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Since the work of Heymans (1) it has been known that the hypoxic ventilatory drive originates primarily within the carotid body. Subsequent work has outlined the role of this sensory organ in control of breathing at sea level and at higher altitude (1, 2) and in the sensation of dyspnea (3) . However, definition of the molecular basis of oxygen transduction has been hampered by the complexity of the carotid body. It contains several cell types, including endothelial, sustentacular, and glomus cells as well as the terminals of afferent and sympathetic nerves (4, 5) , but it is not known which are actually capable of sensing the level of oxygen. The glomus cells have been attractive candidates to be chemoreceptor cells because they contain dopamine, a transmitter secreted from the carotid body during hypoxia, and because they form morphological synapses with afferent nerve terminals (5, 6) . We have designed systems for the growth of glomus cells in culture in order to investigate the neurophysiology of these cells and their potential role in chemoreception (7) . Here, we report evidence that carotid body glomus cells in culture synthesize and secrete putative neurotransmitters and manifest chemosensitivity in their control of dopamine secretion.
MATERIALS AND METHODS
Dissociated newborn rat carotid body cells were cultured as described (7) [Concentration of the catecholamines by alumina extraction (9) proved infeasible because of the very small amounts of tissue.] The supernatant from the centrifugation was separated by the use of HPLC (Beckman 420) with a C-18 column (Altex Ultrasphere ODS), and detection was by an electrochemical detector (BAS LC-3A). Elution rate was 1.5 ml/min, and the sample injection size was 200 /.. The electrochemical detector was used at 0.70 V. The identity of peaks was confirmed by exact superimposition of standard peaks with presumptive norepinephrine, dopamine, and serotonin peaks from the cellular extract, which represented cell content, or the culture fluid, which reflected the secreted catecholamines. The sensitivity of the HPLC-EC system for measuring catecholamines was "'100 pg of dopamine, 150 pg of norepinephrine, and 200 pg of serotonin.
RESULTS
Glomus cells in vivo contain several putative neurotransmitters, including norepinephrine , dopamine, and serotonin (5, 10) . As shown in Fig. 1 carotid body per hr (mean ± SD; n = 6 independent experiments; P < 0.01, Student's t test). As shown in Fig. 2 , this enhanced secretion was accomplished without significant diminution in cellular content of dopamine. This suggests first of all that hypoxia did not injure the cell and thereby cause a nonspecific leak of dopamine. In addition, the increase in secretion without diminution in content suggests that hypoxia also stimulated enhanced synthesis of dopamine, an effect of hypoxia that has been noted using explanted rabbit carotid bodies (11) .
Decrease in extracellular calcium diminishes hypoxiastimulated release of dopamine from explanted carotid bodies (6) . Since calcium influx is integral to many secretory processes that involve vesicular release (12) , it was of interest to evaluate the effect of calcium on glomus cell function. Omission of calcium from the medium, with magnesium concentration left unaltered, did not significantly affect baseline dopamine secretion from the cultured carotid body cells (not shown). However, as shown in Fig. 3 , the oxygen-sensitive component was abolished. Under the same conditions but with the addition of calcium to the medium, hypoxia induced a significant increase in the mean dopamine secretory rate from 0.040 ± 0.020 ng per carotid body per hr to 0.077 ± 0.023 ng per carotid body per hr (mean + SD; n = 4; P < 0.05). Extracellular calcium might, of course, be involved not only in secretion but also at other steps in the sensory transduction mechanism. To assess further the specificity of the oxygen sensitivity, we investigated the effect of hypoxia on epinephrine secretion by cultured rat adrenal medullary cells. Glomus cells resemble adrenal medullary cells morphologically, and both cell types derive embryologically from the neural crest (13, 14) . In vivo, the predominant secreted catecholamine from the adrenal is epinephrine. Adrenal cells cultured for 4 days secreted epinephrine, as shown in Fig. 4 . Hypoxia, however, did not cause an increase in their rate of secretion.
DISCUSSION
The hypoxic stimulus to ventilatory drive originates predominantly within the carotid body. As arterial Po2 decreases, the discharge rate of the carotid sinus sensory nerve increases. It has been suggested, however, that it may not be the nerve itself that is chemosensory, but rather other cells of the carotid body, because a cut carotid sinus nerve must regenerate to the carotid body to manifest chemosensitivity (15 (16) as well as components of the mitochondrial respiratory chain (17) . Hopefully, the retention of the oxygen-sensitive response in the relatively well-controlled environment of cell culture might facilitate characterization of some of the processes of oxygen chemoreception.
